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Interannual variations in CO2 exchange across Amazonia, as deduced from atmospheric inversions,
correlatewithElNin ˜ooccurrence.Theyarethoughttoresultfromchangesinnetecosystemexchangeand
ﬁreincidencethatarebothrelatedtodroughtintensity.Alterationstonetecosystemproduction(NEP)are
causedbychangesingrossprimaryproduction(GPP)andecosystemrespiration(Reco).Here,weanalyse
observations of the components of Reco (leaves, live and dead woody tissue, and soil) to provide ﬁrst
estimates of changes in Reco during short-term (seasonal to interannual) moisture limitation. Although
photosynthesis declines if moisture availability is limiting, leaf dark respiration is generally maintained,
potentially acclimating upwards in the longer term. If leaf area is lost, then short-term canopy-scale
respiratory efﬂuxes from wood and leaves are likely to decline. Using a moderate short-term drying
scenariowheresoilmoisture limitation leads to alossof 0.5 m
2 m
K2 yr
K1inleaf areaindex,we estimatea
r e d u c t i o ni nr e s p i r a t o r yC O 2 efﬂux from leaves and live woody tissue of 1.0 (G0.4) t C ha
K1 yr
K1.
Necromass decomposition declines during drought, but mortality increases; the median mortality
increase following a strong El Nin ˜oi s1 . 1 %( nZ46 tropical rainforest plots) and yields an estimated
net short-term increase in necromass CO2 efﬂux of 0.13–0.18 t C ha
K1 yr
K1. Soil respiration is
strongly sensitive to moisture limitation over the short term, but not to associated temperature
increases.ThiseffectisunderestimatedinmanymodelsbutcanleadtoestimatedreductionsinCO2efﬂux
of2.0(G0.5)t C ha
K1 yr
K1.Thus,themajorityof short-termrespiratoryresponsestodroughtpoint toa
decline in Reco, an outcome that contradicts recent regional-scale modelling of NEP. NEP varies with
both GPP and Reco but robust moisture response functions are clearly needed to improve quantiﬁcation
of the role of Reco in inﬂuencing regional-scale CO2 emissions from Amazonia.
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1. INTRODUCTION
Respiration returns carbon dioxide (CO2)t ot h e
atmosphere that was originally removed from it by
photosynthesis. CO2 is also released to the atmosphere
episodically in single oxidation events, most notably
ﬁre. In combination, these processes govern the short-
term carbon economy of a forested region. However,
while terrestrial photosynthesis is performed by one
main organ, the leaf, respiration occurs in all living cells
and this simple distinction demands consideration of
the metabolism of a mosaic of ecosystem components.
Atmospheric inversion studies have provided indirect
evidence that Amazonia responds to climatic pertur-
bation at large scale: the interannual ﬂux anomaly is
globally signiﬁcant for tropical South America, showing
CO2emissionsofupto1.5 Pg C yr
K1duringsomeyears,
and net CO2 acquisition during others (Rodenbeck etal.
2003; Zeng et al. 2005). Large net emissions have been
associated with strong El Nin ˜o events impacting
Amazonia (Zeng et al. 2005). Ecosystem modelling
analyses are capable of approximately replicating this
interannual pattern in regional-scale CO2 ﬂuxes (Tian
et al. 1998; Zeng et al. 2005) and have indicated that El
Nin ˜o drought-related reductions in net ecosystem
production (NEP) with respect to non-El Nin ˜o years
canbeaslargeas1 Pg C yr
K1or more,owingtodeclines
in photosynthesis coupled with increases in respiration.
However, ﬁre incidence also increases under drought
stress and thus contributes to the observed El Nin ˜o-
correlated emission anomalies. Fire-sourced CO2 emis-
sions during drought have been difﬁcult to quantify with
high precision, but the available data indicate that they
have the potential to be at least as large as the modelled
declinesinNEP(vanderWerfetal.2004).Thesizeofthe
modelled change in regional NEP is also uncertain:
although areductioningross primaryproduction(GPP)
is expected under moisture limitation, there is little
evidence to support the short-term drought-correlated
increases in ecosystem respiration reported in modelling
studies and some evidence to the contrary (e.g. Saleska
et al. 2003).
Good estimates of NEP require accurate represen-
tation of both photosynthesis and respiration, but an
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respiration less well parametrized, with consequent
uncertainty in our understanding of the feedbacks
resulting from land–atmosphere CO2 exchange across
Amazonia.Ifwearetounderstandclimaticinﬂuenceson
the Amazon carbon balance over the coming decades,
thenwemustﬁrstbeconﬁdentofhowalterationsinNEP
take place at short time scales such as seasonally, or
interannually, under episodic climate perturbations like
El Nin ˜o. NEP represents the difference between carbon
that is acquired and respired by an ecosystem (equation
(1.1)). Our analysis focuses on using ﬁeld data from
Amazonrainforestsasthebasisforestimatingrespiration
in each component, and how it changes under moisture
limitation, particularly at the interannual time scale,
NEP ZGPPKReco ZGPPKðRl CRw CRsÞ; ð1:1Þ
where Rl, Rw and Rs represent the aggregate component
ﬂux contributions to Reco from leaves, woody tissue (live
and dead) and soil, respectively.
2. CLIMATIC INFLUENCES ON RESPIRATION
Whatarethemagnitudesoftherelevantclimaticdrivers?
Although there is variability among predictions of
twenty-ﬁrst century climatic change for Amazonia,
most climate models predict some kind of drying and
warming, with the strongest drying scenario indicating a
65% reduction in precipitation (Cubasch et al. 2001).
Long-term climate data from the twentieth century are
muchlessextreme: theyshow non-signiﬁcantchanges in
precipitation allied with slight warming, although these
overallpatternsmaskimportantregionalandinterannual
differences (Malhi & Wright 2004). Focusing on the
shorter-term climatic impacts of the principal interann-
ual climate perturbation of El Nin ˜o, during the
1997/1998 event, precipitation reductions were large,
especially for the eastern Amazon, reaching 50% of the
long-term mean (Uppala et al. 2005). Maximum
temperature anomalies were larger during the daytime
(average anomaly of maximumZC1.78C) than the
night-time (average anomaly of minimumZC0.58C),
withanaverageincreaseinsolarradiationof30.7 W m
K2
and concomitant decreases in atmospheric humidity
yielding a mean midday water vapour pressure deﬁcit
anomalyofC0.4 kPa(Uppalaetal.2005).Theeffectsof
these climatic anomalies on NEP are surprisingly poorly
understood. For example, observed changes to NEP in
European forests during widespread drought in 2003
were,on average,non-signiﬁcant(Reichsteinetal.2007)
because declines in photosynthesis were partially
balanced by declines in Reco. These measured temperate
zone declines in respiration during drought contradict
recentmodellingofthesameprocessesinAmazonia,and
thusfurther promptthe need toconsider the responseto
drought by Reco in tropical rainforest ecosystems using
direct observations.
3. LEAVES
Leaf respiration (Rl) comprises 10–40% of the respir-
atory emissions of CO2 to the atmosphere by terrestrial
ecosystems (Wright et al. 2006). In ecosystems where
leaf area is large and temperatures high, the contri-
bution to the carbon budget from foliar respiration can
be signiﬁcant. Although respiration occurs during both
day and night, measurement is usually made on leaves
intheabsenceoflightsothattherespiratoryﬂuxofCO2
during the dark can be distinguished from that released
during photosynthesis, which itself varies with the
photosynthetic process, often declining strongly with
irradiance (Brooks & Farquhar 1985). Rl during the
night ranges between 2.0 and 7.0 t C ha
K1 yr
K1 on a
ground area basis in tropical rainforests (Meir 1996;
Malhi et al. 1999; Chambers et al. 2004; R. Vale 2002,
unpublished data).
Respiration in leaves yields energy used for the
maintenance of leaf metabolism and structure in mature
leaves, and for the construction of new leaves. Main-
tenance respiration is the larger component, is tempera-
ture sensitive (Atkin et al. 2005), and correlates
positively with irradiance, with the tissue concentration
of nutrients, such as nitrogen or phosphorus, and thus
also with photosynthetic capacity (Meir et al. 2001;
Wright et al. 2006). The impact of moisture limitation
on leaf respiration has received less attention. Stomatal
closure in response to drought can lead to higher leaf
temperatures, and lower photosynthetic rates, but the
reported effects on maintenance respiration in leaves
differ. Laboratory experiments have mostly suggested
that the net effect is small (Flexas et al. 2006). For
example, at a level of moisture limitation sufﬁcient to
cause a general failure of photochemistry and bio-
chemistry, instead of declining, leaf respiration rates
were unaltered while electron ﬂow to the alternative
oxidative pathway increased from 10 to 40%, with a
concomitant decrease by 32% in electron ﬂow to the
mitochondrial cytochrome c pathway (Ribas-Carbo
et al. 2005). By contrast, in ﬁeld measurements on 208
species from sites varying widely in rainfall, Wright et al.
(2006) showed woody plants in dry environments to
have higher leaf respiration rates, and indicated an
average 50% increase in leaf respiration for a rainfall
reduction from 2000 to 500 mm yr
K1. These higher leaf
respiration rates possibly reﬂect adaptation, or longer-
term acclimation, to drier conditions where, although
stomatal closure may constrain photosynthesis, more
respiration occurs owing to an increased need to
maintain high vacuolar concentrations of osmotically
active solutes (Wright et al. 2006), or a need to avoid the
accumulation of cellular redox equivalents and free
oxygen radicals resulting from decreased photosynthesis
and increased photoinhibition (Macherel & Atkin in
review). The general physiological response to drought
by Rl is thus unclear, although initial experimental data
from an eastern Amazon site suggest increases in
respiration rate on a leaf area basis after extended
artiﬁcial soil moisture limitation of 4–5 years (table 1),
and this is consistent with dry season measurements at a
transition forest in Sinop (Miranda et al. 2005).
To fully account for changes in leaf respiration on a
ground area basis, the effect of alterations in canopy
structure must also be considered. Moisture limitation
can cause a decline in leaf area index (LAI) in dry or
dry–wet transition zones between savannah and rain-
forest (Pennington et al. 2000). Although seasonal
LAI measurements are scarce in tropical rainforests
(Carswell et al. 2002), two recent artiﬁcial droughting
experiments in the eastern Amazon (at Tapajos and
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(approx. 1 m
2 m
K2 over 2 or more years) after reducing
rainfall input by approximately 50% (Nepstad et al.
2004; Fisher et al. 2007). The effect of a loss in LAI is
linear in terms of the change in respiration caused by a
reductioninleafbiosynthesis,althoughalterationstoleaf
longevityandthedeclineinmaintenancerespirationwith
height in the canopy (Domingues et al. 2005)c o u l d
modifythislinearity.Themetaboliccostofbiosynthesisis
approximately 0.25(G0.02) g C respired per gram of
biomass constructed (Penning de Vries 1975). There-
fore, assuming mean leaf maintenance respiration at
258Ctobe0.6(G0.2)mmol C m
K2 s
K1(Chambersetal.
2004; Domingues et al. 2005), leaf longevity to be 12
months, and an average leaf mass per unit area of
100 g m
K2, a loss in LAI of 0.5 m
2 m
K2 in 1 year would
accrue a reduction in construction respiration of
0.07(G0.01) t C ha
K1 yr
K1 and a reduction inmainten-
ancerespirationof0.6(G0.2) t C ha
K1 yr
K1.Combined
with the effect of a 0.58C night-time warming anomaly
(1997/1998 El Nin ˜o; Uppala et al. 2005), this yields an
overallreductioninRlof0.5(G0.2)t C ha
K1 yr
K1.Such
short-termalterationsincanopy-scaleleafrespirationare
similar in magnitude to the (annual) NEP reported for
some Amazonian rainforests (Ometto et al. 2005),
although thisonlyaccountsforchangesduringdarkness;
changes in daytime leaf respiration have not been
estimated (i.e. assumedZ0) given the lack of available
data on drought responses in this variable. Over the
longer term, sustained moisture limitation (greater than
2years)couldleadtodifferenteffectsofRlonNEP:leaves
formed entirely under conditions of signiﬁcant moisture
limitationmaybealteredinstructure(e.g.increasedmass
per unit area), with consequent increases in leaf
respiration on a leaf area basis and, potentially, a canopy
basis (cf. table 1)
4. WOODY TISSUE
EmissionsofCO2fromwoodytissueinforestecosystems
(Rw) are divided into two main components: the ﬂux
from living woody tissue (Rwc) and the ﬂux from
decomposing coarse necromass (Rwn). Fluxes from Rwc
are thought to comprise up to 18% of GPP, or
5.1 t C ha
K1 yr
K1 (Cavaleri et al. 2006). Those from
Rwn vary strongly with precipitation and contain
uncertainty of up to 50% (Rice et al. 2004). Where
detailed measurements have been made, annualized
mass loss rates in tropical rainforests suggest Rwn
emissions of 0.5–1.9 t C ha
K1 yr
K1 (Chambers et al.
2004; Rice et al. 2004; Hutyra et al. 2007).
The CO2 comprising the ﬂux from living woody
tissue has two origins, the woody tissue itself and the
soil. Mitochondria in living parenchymatic, cambium
and phloem cells in wood respire and release CO2 into
the surrounding ﬂuid, where it dissolves and dissociates
according to pH and temperature, following Henry’s
law. Part of this CO2 ultimately diffuses radially and
evolves into the atmosphere, but part of it is
transported away from the locus of production
dissolved in water columns in the xylem, to evolve
elsewhere in the canopy or to be reﬁxed by photo-
synthesis. However, the xylem stream originates in the
soil where CO2 respired by both roots and microbes
dissolves to saturation point, creating an additional and
strong CO2 source within woody tissue. Hence, the
CO2 that is released from bark is a product of a mixture
of autotrophic and heterotrophic respiration, is depen-
dent on the diffusion properties of live and dead cells in
wood, and is sensitive to rates of sap ﬂux (Levy et al.
1999; Bowman et al. 2005). Different organ-scale
metrics by which canopy-scale live woody tissue CO2
efﬂuxes (Rwc) may be calculated have been suggested
(Ryan 1990; Levy & Jarvis 1998). More recently,
Cavaleri et al. (2006) made measurements throughout
the vertical proﬁle of a Costa Rican rainforest canopy
and demonstrated that small diameter branches and
lianas high in the canopy were signiﬁcant sources of
CO2, especially during the day, the period when CO2
evolves from the transpiration stream, diffusing rapidly
to the atmosphere through the thinnest sections of
tissue and bark.
One solution to quantify Rwc is to measure changes
in emissions caused individually through alterations in
maintenance and growth respiration in all above-
ground woody tissue elements, and in the transport
of heterotrophic and autotrophic CO2 by the xylem
stream. An alternative and functionally appropriate
method is to use the strong observed relationship
between Rwc and LAI for forest ecosystems (ﬁgure 1).
Rwc probably scales with LAI for reasons of economy in
respiration and transpiration (Shinozaki 1964; Meir &
Grace 2002), and this relationship should thus hold
functionally as well as biogeographically. Since LAI
varies with strong moisture limitation, the Rwc–LAI
relationship can be used to quantify the change in CO2
efﬂux from live woody tissue associated with short-term
drought. Applying the same reduction in LAI
(0.5 m
2 m
K2 yr
K1) used to estimate changes in Rl,
ﬁgure 1 predicts a reduction in Rwc of 0.5(G0.1)
tCh a
K1 yr
K1. These estimates suggest that the impact
of drought on Rwc is similar in direction and magnitude
to changes in Rl.
The breakdown of necromass leading to Rwn is
estimated as a function of the rate of loss of dry mass
over time, described by a decay constant, k (yr
K1),
where k for coarse necromass varies among studies
between 0.1 and 0.3 yr
K1 (meanZ0.197 (G0.04)
yr
K1, nZ6; Kira 1976; Yoneda 1990; Chambers et al.
2000; Eaton & Lawrence 2006; Palace et al. 2007).
Irrigation experiments have demonstrated that k
declines strongly under moisture limitation by a factor
of 2.4 or more (Vasconcelos et al. 2007), and despite
Table 1. Leaf dark respiration throughout the vertical proﬁle
of a rainforest at Caxiuana, in eastern Amazonia, following 4
years of artiﬁcial soil drought. Values represent the mean leaf
dark respiration in mmol m
K2 s
K1Gs.d. (n), at 258C, and
compare vegetation subjected to artiﬁcial soil drought and
normal rainfall (Metcalfe et al. in preparation).
leaf height control drought
greater than 20 m 0.52G0.13 (14) 0.70 (1)
10–20 m 0.46G0.10 (14) 0.67G0.25 (12)
0–10 m 0.30G0.03 (5) 0.49G0.08 (15)
mean 0.46G0.15 (33) 0.57G0.19 (28)
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rate of respiration in decomposing wood, with up to
ﬁvefold differences in CO2 efﬂux rates for woody tissue
moisture contents varying between 0.5 and 1.5 g
H2Og
K1 dry woody biomass (Chambers et al. 2000;
Keller et al. 2004). Accounting for natural spatial
variation in necromass moisture content and conse-
quent decomposition rates, Rice et al. (2004) proposed
a stand-scale value for k of 0.113 yr
K1 for an eastern
Amazon forest at Tapajos.
Although drought reduces the rate of decom-
position, where sufﬁcient moisture limitation increases
tree mortality, then the net effect on Rwn is positive.
Mortality measurements are dependent on the death of
only a few trees per 1 ha plot, so the use of data from
multiple plots is essential for estimating the overall
effects of drought on Rwn. Mortality impacts following
short-term drought caused by strong El Nin ˜o events
vary for tropical rainforests globally, with a median
increase of 1.2% for observational studies both in
Amazonia and globally (Meir & Grace 2005; nZ46
plots). Mean standing biomass varies substantially
across the Amazon basin (Baker et al. 2004) and
assuming an increase in mortality of 1.1%, a stand scale
k of 0.113 (Rice et al. 2004) and the lower estimate of
2.4 for the factor by which k declines under drought
(Chambers et al. 2001; Vasconcelos et al. 2007), the
estimated maximum effect on Rwn is an increase of
0.13–0.18 t C ha
K1 yr
K1, although up to 25% of this
ﬂux may instead join the soil organic matter pool
(Chambers et al. 2001). Thus, the short-term impact of
drought on respiration in necromass is likely to
marginally increase Reco during a drought, although
this small increase in Rwn may be followed by larger
ﬂuxes under subsequent increased rainfall, reﬂecting
the increase in the necromass carbon pool under the
original period of drought.
5. SOIL
The efﬂux of CO2 from the soil (Rs) is the largest
component of the respiration budget, ranging in size
from approximately 11 to 22 t C ha
K1 yr
K1,s os m a l l
fractional changes in this component can inﬂuence NEP
signiﬁcantly. Rs comprises respiration by plant roots
(autotrophic respiration, Rsa) and microbes (hetero-
trophic respiration, Rsh). Recent focus (Trumbore
2006; Metcalfe et al.2 0 0 7 ) has emphasized the need
to separate Rsa and Rsh to improve the mechanistic
understanding of Rs. Evidence at seasonal and inter-
annual timescales suggeststhat the effects ofvariation in
moisture availability on Rs in tropical rainforests are
muchlarger thantemperature.Usingchamber measure-
ments, Davidson et al. (2000) demonstrated declines of
more than 50% in Rs with changes in soil matric
potential of K0.001 to K10 MPa. Subsequent studies
have made similar ﬁndings (e.g. Schwendenmann et al.
2003;S o t t aet al. 2004, 2007), although conﬂicting
evidence of moisture limitation on Rs has been reported
in one case (Saleska et al. 2003; Davidson et al. 2004).
Using eddy covariance measurements of net ecosystem
exchange from a seasonally dry forest at Sinop in Mato
Grosso, Vourlitis et al. (2005) showed that ecosystem
respiration, probably dominated by Rs,d e c l i n e dm o r e
strongly in response to moisture constraints than did
maximum photosynthesis (ﬁgure 2). This moisture
sensitivity in net ecosystem exchange is not restricted
to climatically marginal sites: eddy covariance data from
an eastern Amazon site at Tapajos on deeply weathered
oxisols have also been used to show how dry season
declines in Rs contribute to increased net CO2
assimilation rates when compared with wet season
values (Saleska et al. 2003; Hutyra et al. 2007).
A fully mechanistic analysis of the impact of
moisture limitation on respiration in soil is complicated
by the need to quantify both Rsh and Rsa in the context
of vertical differences in soil moisture along the soil
proﬁle, of differences in the supply of respiratory
substrate and owing to the as yet largely unquantiﬁed
role of mycorrhizae (Davidson et al. 2006; Meir et al.
2006). As a consequence, Rs is often still represented as
an empirical function of environmental constraints.
Large-scale modelling studies of Amazonian NEP
during El Nin ˜o-caused drought have tended to
emphasize the enhancement of Rsh under marginal
associated warming (Zeng et al. 2005) even though any
theoretical temperature response by Rs is dominated
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Figure 1. Variation with leaf area index (LAI) in CO2 efﬂux
from above-ground woody tissue (Rwc). Graph redrawn from
Meir & Grace (2002), using new data for site 7 (Rwc, Cavaleri
et al. 2006; LAI, D. Clark 2007, personal communication)
and data for two additional tropical rainforests, sites 8 and 9,
near Manaus (C. Amazonia) and at Reserva Jaru (SW
Amazonia), respectively (McWilliam et al. 1993; Kruijt
et al. 1996; Meir 1996; Chambers et al. 2004). LAI was
obtained directly for sites 1 and 5–8 and estimated indirectly
for sites 2–4 and 9; the LAI for site 8 is taken from a nearby
destructive harvest (McWilliam et al. 1993) because this
estimate includes all tree sizes. Rwc was obtained from
measurements of woody tissue CO2 efﬂux at all sites. Original
R2
adjZ0:85, pZ0.003, nZ7(Meir & Grace 2002); revised ﬁt
R2
adjZ0:93, p!0.0001, nZ9( RwcZ29.1e
(0.45.LAI)). TRF is
tropical rainforest. Solid line, model; open square, site 1:
Sahelian shrub, Niger; ﬁlled triangle, site 2: Ponderosa pine,
USA; open diamond, site 3: Black spruce, Canada; plus sign,
site 4: TRF, Cameroon; ﬁlled circle, site 5: deciduous
broadleaf, USA; ﬁlled diamond, site 6: TRF, Brazil
(Manaus); ﬁlled square, site 7: TRF, Costa Rica; open circle,
site 8: TRF, Brazil (Manaus); open triangle, site 9: TRF,
Brazil (Jaru).
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2007). The response to moisture has been found
to be a linear (Davidson et al. 2000) or parabolic
(Schwendenmann et al. 2003; Sotta et al. 2007)
function of soil water potential, although mixtures
of weak and strong responses in Rs to experimental
changes in soil moisture have also been noted
(Vasconcelos et al. 2004). Recent multi-scale ﬁeld
data are thus establishing the importance of low soil
moisture as the dominant short-term climatic con-
straint on Rs, and indicate that moisture limitations can
cause reductions in Rs of 10–30%, potentially equating
to 2.0(G0.5) t C ha
K1 y
K1 or more (e.g. Saleska et al.
2003; Vourlitis et al. 2005; Sotta et al. 2007),
notwithstanding the potential for efﬂux pulses
following dry period rainfall events (Hutyra et al.
2007). Overall, ﬁeld evidence shows that if strong
short-term moisture limitation is experienced, for
example, during El Nin ˜o-caused drought, it is very
likely to cause signiﬁcant reductions in Rs. The key now
will be to specify more accurately the Rs-soil moisture
response across the Amazon basin as part of a
mechanistically and spatially consistent model of Rs.
6. CONCLUSIONS
Process modelling of NEP has historically been
informed by more data on photosynthesis than on
respiration. Although new ﬂux measurements at the
ecosystem scale are emerging, improved insight into
the component respiratory processes is necessary to
properly test and specify model outcomes because
these separate processes respond to environmental
changes in different and nonlinear ways, sometimes
also interacting. Appropriate ﬁeld data remain rela-
tivelysparse, but this analysis shows that the short-term
drought responses of the component processes of Reco
are larger than, or show notable deviations from,
previous estimates.
The clearest of the impacts of drought on Reco takes
place in the soil and this has been observed at seasonal
and 1–2 year time scales. Part of the drought-related
decline in Rs results from the decline in GPP.
Additionally, some carbon that is not respired owing
to moisture limitations on Rsh is probably retained
temporarily in the soil as labile organic material.
Improved modelling of the impact of these processes
on Rs will require better understanding of the
interactions between Rs and GPP, and of the effects
of moisture limitation on water and substrate supply
to respiring cells in soils that differ hydraulically
across Amazonia.
The separate impacts of short-term drought on
respiration in woody and leafy tissue are directly altered
by structural change in leaf area and mortality. Leaf
respiration and CO2 efﬂuxes from live woody tissue will
both decline over the short term if leaf area is lost
during drought, although physiological acclimation to
drought may modulate the impact on Reco over the
longer term. The total emissions of CO2 from
necromass increase when mortality increases, but the
main impact on emissions is held in check until the
moisture content of the decomposing tissue rises.
To summarize drought-related alterations to Reco,i n
the1-to2-yeardroughtscenariousedforourcalculations
above, we estimate a loss in LAI of 0.5 m
2 m
K2 y
K1;
declines in Rl, Rwc and Rs of 0.5(G0.2), 0.5(G0.1) and
2.0(G0.5)t C ha
K1 y
K1,respectively;andanincreasein
Rwn of 0.13–0.18 t C ha
K1 yr
K1. Drought is thus very
likely to cause an overall decline in Reco of tropical
rainforests over seasonal or interannual time scales, with
differing effects on each component of Reco. The largest
component, Rs, is especially sensitive to the water-
holding characteristics of soil, and understanding this
variation over biogeographic space is a research priority:
GPP and Rs are both affected if water is unavailable
to plants.
In the speciﬁc case of El Nin ˜o impacts, the intensity
of the associated climatic perturbations differs among
years, but the probable sequence of principal effects on
Reco is: ﬁrst, a reduction in heterotrophic respiration in
soil and woody tissue in combination with variable
limitations on GPP; and, secondly, structural and
physiological impacts developing following extended
strong moisture limitation. The impact of any drought
on NEP will vary where climatic and edaphic
constraints on Reco and GPP differ, but in general,
the effects are very likely to oppose each other,
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Figure 2. Moisture constraints on Rs and Reco.( a) The relationship between soil water potential and soil respiration
(Rs, mmol m
K2 s
K1; R
2Z0.43, p!0.001); data are from a soil drought experiment at an eastern Amazon rainforest, Caxiuana
(Sotta et al. 2007). (b) Net ecosystem exchange (NEE) in a transitional forest, Sinop, Mato Grosso (Vourlitis et al. 2005).
During the four-month dry season (May–August), Reco is more sensitive to moisture stress than is maximum photosynthesis,
Amax (a decline of 28% in Reco versus 5% in Amax; Vourlitis et al. 2005). Data show changes in diel and daily NEE of CO2.
Positive values indicate CO2 release (mean NEE (Gs.d.) of 30-min data (ﬁlled circle) and average daily NEE by month (open
circles); horizontal solid line is diel NEEZ0 and horizontal dashed line is daily NEEZ0).
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Phil. Trans. R. Soc. B (2008)dampening change in NEP rather than amplifying it, as
previously modelled (e.g. Zeng et al. 2005). Where
drought also leads to ﬁre, then this large abiotic
addition to Reco could dominate the short-term carbon
budget (van der Werf et al. 2004), rather than changes
in NEP. Over decadal or longer time scales, continued
drought can be expected lead to large emissions of CO2
from the land owing to substantial shifts in vegetation
and soil properties. But in order to have conﬁdence in
longer-term predictions of rainforest–atmosphere
interactions, we must ﬁrst correctly understand
and model short-term variations in the biophysical
functioning of these ecosystems.
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